The Savannah River Technology Center (SRTC) has been c h a r t e r e d by t h e Department of Energy (DOE) -O f f i c e of Technology Development (OTD) 
The mercury c o n t a i n i n g LLMW selected f o r v i t r i f i c a t i o n s t u d i e s a t t h e SRTC w a s mercury contaminated s o i l f r o m t h e TNX p i l o t -p l a n t f a c i l i t y a t t h e Savannah River S i t e (SRS). Samples o f t h i s s o i l w e r e o b t a i n e d so bench-scale v i t r i f i c a t i o n s t u d i e s c o u l d b e performed a t t h e SRTC t o
determine t h e optimum w a s t e l o a d i n g o b t a i n a b l e i n t h e glass product without s a c r i f i c i n g d u r a b i l i t y and l e a c h r e s i s t a n c e . V i t r i f y i n g t h i s waste stream a l s o r e q u i r e d o f f g a s t r e a t m e n t f o r t h e c a p t u r e of t h e vaporized mercury. R e s u l t s i n d i c a t e d t h a t a d u r a b l e , l e a c h r e s i s t a n t glass waste form capable of p a s s i n g t h e Product Consistency T e s t (PCT) and t h e T o x i c i t y C h a r a c t e r i s t i c Leaching Procedure (TCLP) could be produced. The optimum g l a s s feed composition c o n t a i n e d 60 weight p e r c e n t s o i l and produced a s o d a -l i m e -s i l i c a glass when melted a t 1350OC. p e r c e n t N a 2 C 0 3 and 1 6 weight p e r c e n t C a C 0 3 .
The g l a s s a d d i t i v e s used t o produce t h i s glass w e r e 2 4 weight
The proposed mercury c a p t u r e method w a s a Na2S wash b o t t l e followed by a NaOH wash b o t t l e . The v o l a t i l i z e d mercury e n t e r e d t h e f i r s t wash b o t t l e through a bubbler and should have been converted t o HgzS, a v e r y s t a b l e form of mercury. I f s u c c e s s f u l , no f u r t h e r t r e a t m e n t of t h e mercury would have been needed. However, a t t e m p t s t o c a p t u r e t h e v o l a t i l i z e d mercury i n a Na2S s o l u t i o n wash b o t t l e w e r e n o t as s u c c e s s f u l as a n t i c i p a t e d . Maximum mercury c a p t u r e d w a s o n l y about 2% of t h e mercury c o n t a i n e d i n t h e feed. E f f o r t s t h e n s h i f t e d t o condensing t h e v o l a t i l i z e d mercury and t r e a t i n g it w i t h a mercury s p e c i f i c r e s i n . This r e s i n w a s capable of c a p t u r i n g t h e mercury and keeping it f r o m l e a c h i n g o u t of t h e r e s i n when tested u s i n g t h e TCLP.
INTRODUCTION
The DOE has c h a r t e r e d t h e Mixed Waste Focus A r e a (MWFA) t o i n v e s t i g a t e waste forms f o r LLMW. V i t r i f i c a t i o n o r high-temperature thermal t r e a t m e n t of t h e wastes i s a main f o c u s of t h e KWA i n v e s t i g a t i o n s . The MWFA has funded t h e SRTC t o perform v i t r i f i c a t i o n and high-temperature thermal t r e a t m e n t s t u d i e s on LLMW. The SRTC's e f f o r t s have focused on t r e a t m e n t of LLMW sludges, s o i l s , d e b r i s , r e s i n s , and o t h e r s o l i d wastes.
A l a r g e focus of t h e e f f o r t s has been t r e a t m e n t of s o i l s due t o t h e l a r g e volume of contaminated s o i l t h a t e x i s t s a t t h e SRS and o t h e r DOE s i t e s . S o i l a t t h e SRS h a s been contaminated w i t h b o t h r a d i o a c t i v e and hazardous c o n s t i t u e n t s as a r e s u l t of a c c i d e n t a l s p i l l s and storage of l i q u i d wastes. b u t most have n o t and w i l l n o t be u n t i l a t r e a t m e n t method i s determined.
Some of t h e s e s o i l s have been exhumed and c o n t a i n e r i z e d , A small amount o f contaminated s o i l w a s exhumed a t t h e TNX p i l o t -p l a n t f a c i l i t y d u r i n g r o u t i n e maintenance o p e r a t i o n s . This s o i l w a s c h a r a c t e r i z e d and found t o c o n t a i n e l e v a t e d l e v e l s of mercury. Two samples of t h i s s o i l w a s o b t a i n e d by SRTC f o r bench-scale v i t r i f i c a t i o n s t u d i e s . Previous s t u d i e s by SRTC had shown t h a t v i t r i f i c a t i o n of s o i l was a v i a b l e option1 and t h a t v i t r i f i c a t i o n o f f g a s s y s t e m s could s u c c e s s f u l l y c a p t u r e mercury.
For t h e m e r c u r y s o i l v i t r i f i c a t i o n v i a b i l i t y s t u d i e s a t t h e SRTC, benchs c a l e s t u d i e s were performed w i t h t h e t w o s o i l samples t o determine t h e necessary glass a d d i t i v e s f o r producing homogeneous g l a s s .
T h e homogeneous g l a s s e s produced w e r e s u b j e c t e d t o l e a c h t e s t i n g t o determine g l a s s d u r a b i l i t y , s i n c e it w a s important t o e n s u r e t h a t t h e h a z a r d o u s / r a d i o a c t i v e c o n s t i t u e n t s w e r e i n c o r p o r a t e d i n t h e g l a s s m a t r i x . S i n c e t h e w a s t e c o n t a i n e d mercury and mercury i s n o t i n c o r p o r a t e d i n t h e g l a s s m a t r i x , a n offgas system had t o be i n s t a l l e d on t h e f u r n a c e . mercury, as w e l l as convert t h e mercury t o a s t a b l e f o r m .
The i n t e n t of t h i s system was t o c o l l e c t t h e vaporized
The composition of a sample of t h e TNX s o i l w i t h less t h a n TCLP l e v e l s of mercury w a s chemically c h a r a c t e r i z e d t o determine t h e chemical c o n s t i t u e n t s . and t h i s w a s confirmed by t h e chemical a n a l y s e s . The chemical composition of t h e s o i l i s given i n Table 1 on an o x i d e b a s i s . The p r e v i o u s l y determined t o t a l mercury i n t h e less t h a n TCLP l i m i t sample w a s 1 . 9 2 ppm, while t h e h i g h mercury sample c o n t a i n e d 264 ppm t o t a l mercury.
I t w a s s u s p e c t e d t h a t t h e SRS s o i l c o n t a i n e d mostly Si02
Previous bench-scale s t u d i e s with s i m u l a t e d S R S s o i l had determined t h a t d u r a b l e and homogeneous glasses c o u l d be made by u s i n g t h e soda-limes i l i c a t e r n a r y system. Waste l o a d i n g s i n t h e s e g l a s s e s w e r e 55 and 58 w t % . The glass forming a d d i t i v e s used w e r e Na2C03 and CaC03, and a l l g l a s s e s w e r e melted a t 1150°C.1 S i n c e t h e s e glasses w e r e made u s i n g simulated s o i l , bench-scale tests w i t h a c t u a l s o i l had t o be performed t o determine t h e v a l i d i t y of t h e glass compositions. Table 2 . The batches l i s t e d i n Table 2 w e r e mixed u s i n g t h e low mercury s o i l sample and reagent grade chemicals. The b a t c h e s w e r e t h e n placed i n high p u r i t y alumina c r u c i b l e s and covered. Batches 1 -3 w e r e melted a t 115OoC f o r 4 hours and v i s u a l l y examined a f t e r a i r quenching. d e s c r i p t i o n of t h e r e s u l t i n g product i s given i n Table 3 . Since it appeared t h a t b a t c h 3 more resembled homogeneous g l a s s t h a n any of t h e o t h e r compositions, a higher w a s t e l o a d i n g w a s t e s t e d as b a t c h 4. This batch w a s melted a t 1175OC and i t s appearance i s a l s o d e s c r i b e d i n Table   3 . As noted i n Table 3 , some of t h e g l a s s e s appeared t o have some
LOW MERCURY SOIL EXPERIMENTS

I n o r d e r t o determine t h e a p p l i c a b i l i t y of t h e p r e v i o u s l y developed g l a s s compositions f o r a c t u a l SRS s o i l , two of t h e g l a s s compositions were selected f o r bench-scale t e s t i n g . A h i g h e r waste l o a d i n g batch composition was a l s o d e r i v e d t o e n s u r e t h a t t h e optimum waste loading had been found. The compositions t e s t e d on an a d d i t i v e b a s i s a r e shown i n Table 2 . Two a d d i t i o n a l batch compositions w e r e a l s o t e s t e d based on t h e r e s u l t s of t h e s e f i r s t bench-scale t r i a l s and t h e s e b a t c h compositions a r e a l s o shown i n
TABLE 2 -LOW MERCURY SOIL BATCH COMPOSITIONS (WT%)
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unreacted m a t e r i a l around t h e c r u c i b l e edges, it was b e l i e v e d t h a t t h i s A m a t e r i a l was unreacted S i 0 2 . This was confirmed by Scanning E l e c t r o n Microscopy (SEM). S i n c e t h e m a t e r i a l w a s confirmed t o be S i O 2 , b a t c h 3 was remelted a t 135OOC t o determine i f h i g h e r temperatures would f u l l y r e a c t t h e feed material. g l a s s w i t h only minimal unreacted p a r t i c l e s of S i O 2 . made t o diminish t h e formation of t h i s Si02 l a y e r by reducing t h e
Ca0:NaaO r a t i o , s i n c e t h e presence of Na2O t e n d s t o make S i 0 2 more s o l u b l e . This composition w a s b a t c h 5 and w a s a l s o melted a t 135OOC. The appearance of t h e f i n a l product i s a l s o given i n Table 3 .
This r e s u l t e d i n a very homogeneous looking Attempts w e r e also 
S o l i d i f i e d feed, n o t g l a s s 5
Since batch 3 produced t h e most homogeneous g l a s s , it w a s c h a r a c t e r i z e d f o r chemical composition and phase assemblage. D u r a b i l i t y t e s t s were a l s o performed u s i n g t h e PCT. The composition of t h e batch 3 g l a s s i s given i n Table 4 . T h e only s u b s t a n t i a l oxide components found i n t h e g l a s s were t h e S i 0 2 and A 1 2 0 3 from t h e s o i l and Na20 and CaO from t h e g l a s
s a d d i t i v e s . X-ray d i f f r a c t i o n (XRD) of t h e g l a s s i n d i c a t e d t h a t
t h e r e s u l t i n g g l a s s was amorphous. SEM a n a l y s e s v e r i f i e d t h e amorphous s t a t e of t h e g l a s s , a s w e l l a s confirmed t h e presence of small amounts of unreacted S i 0 2 a t t h e g l a s s s u r f a c e . p a r t i c l e s Greenish-blue g l a s s with some white p a r t i c l e s 
I n o r d e r t o determine t h e d u r a b i l i t y of t h e b a t c h 3 glass, t h e PCT (ASTM C-1285-94) was performed. The PCT i s t h e s t a n d a r d t e s t used f o r determining t h e d u r a b i l i t y of High Level Waste (HLW) glasses and i s
performed i n an a l k a l i n e environment. It i s a 7-day test performed a t 90°C i n ASTM t y p e I w a t e r .
The t e s t i s performed on 100-200 mesh glass p a r t i c l e s and t h e r e s u l t i n g leachate i s analyzed f o r e l e m e n t a l
t h a n mercury w e r e p r e s e n t i n t h e s o i l . S i n c e it w a s known t h a t t h e mercury would v o l a t i l i z e d u r i n g v i t r i f i c a t i o n , no mercury should have remained i n t h e glass t o leach d u r i n g t h e TCLP.
ELEVATED MERCURY SOIL EXPERIMENTS
Before t h e t r e a t a b i l i t y s t u d i e s w i t h t h e elevated mercury s o i l sample could be performed i n t h e bench-scale f u r n a c e , t h e o f f g a s c o l l e c t i o n system had t o be f a b r i c a t e d and i n s t a l l e d . A d e t a i l e d drawing of t h e o f f g a s s y s t e m f a b r i c a t e d i s c o n t a i n e d i n F i g u r e 1. The i n t e n t of t h e system was t o c o n t a i n a l l of t h e v o l a t i l e mercury i n t h e q u a r t z l i n e s of t h e system.
Using f o r c e d a i r on t h e seal of t h e c r u c i b l e and vacuum p r e s s u r e on t h e end of t h e system l i n e , mercury w a s forced through t h e q u a r t z t u b i n g t o t h e f i r s t wash b o t t l e c o n t a i n i n g Na2S. The vapors e n t e r e d through t h e d i p t u b e and w e r e bubbled i n t h e Na2S. Vapors from t h i s t u b e were f o r c e d through t h e NaOH wash b o t t l e by t h e vacuum a t t h e end of t h e l i n e . I n t h i s second b o t t l e , t h e s u l f u r i c acid gases g e n e r a t e d from t h e f i r s t wash b o t t l e w e r e n e u t r a l i z e d by bubbling through t h e NaOH s o l u t i o n . A l l vapors g e n e r a t e d from t h i s b o t t l e were vacuumed through a hood exhaust t h a t w a s i n l i n e w i t h t h e b u i l d i n g offgas system.
The offgas system w a s seated i n a Thermolyne f u r n a c e . For bench-scale v i t r i f i c a t i o n of t h e elevated mercury s o i l , b a t c h e s w e r e h e a t e d i n a 50 mL platinum c r u c i b l e t o a minimum of 69OoC and t h e n t h e f i n a l product w a s t r a n s f e r r e d t o an alumina c r u c i b l e and melted i n a Lindberg h i g h temperature f u r n a c e a t 135OOC. Due t o chemical hood s p a c e c o n s t r a i n t s and t h e desire n o t t o d r i l l a 2 i n c h h o l e i n t h e Lindberg furnace, b a t c h e s were h e a t e d u s i n g t h e Thermolyne f u r n a c e and t h e offgas system u n t i l temperatures s u b s t a n t i a l l y above t h e mercury vapor p o i n t were 
FIGURE 1 -MERCURY COLLECTION -OFFGAS SYSTEM
Three approximately 50 g r a m batches of t h e s a m e batch composition t e s t e d with t h e l o w mercury s o i l ( b a t c h 3) w e r e mixed. These b a t c h e s c o n t a i n e d 60 w t % of t h e e l e v a t e d mercury s o i l , 1 6 w t % CaC03, and 2 4 w t % N a 2 C 0 3 .
Three s e p a r a t e t r i a l s w e r e performed w i t h t h e s e feeds, w i t h two of t h e b a t c h e s of feed ( T r i a l 2 and 3 ) c o n t a i n i n g 500 ppm of C s and C e as r a d i o a c t i v e s u r r o g a t e s . I n each t r i a l , t h e b a t c h w a s p l a c e d i n a platinum c r u c i b l e , which w a s placed i n s i d e t h e q u a r t z containment v e s s e l . The i n n e r containment s e c t i o n w a s p l a c e d d i r e c t l y on t h e c r u c i b l e , where it a c t u a l l y overlapped t h e c r u c i b l e t o p by about a 1 / 4
i n c h . The vacuum and a i r were started and t h e n t h e f u r n a c e w a s t u r n e d on. The f u r n a c e w a s h e a t e d a t a r a t e of approximately 10°C/min u n t i l it reached t h e t e m p e r a t u r e s shown i n Table 5 . Once a t temperature, t h e temperature w a s maintained f o r 2 h o u r s . A f t e r t h e 2 hours, t h e f u r n a c e was t u r n e d o f f and t h e system w a s allowed t o cool. During t h e heat-up, maintain temperature, and cool-down c y c l e s , t h e t e m p e r a t u r e of t h e f u r n a c e and t h e thermocouple i n t h e o f f g a s l i n e w e r e recorded. Maximum recorded o f f g a s l i n e t e m p e r a t u r e s w e r e 269OC. Once t h e f u r n a c e had cooled, t h e a i r and vacuum s u p p l i e s w e r e t u r n e d o f f .
The amounts and c o n c e n t r a t i o n s of t h e wash b o t t l e s o l u t i o n s are also contained i n Table 5 . T r i a l 3 c o n t a i n e d a s t r o n g e r c o n c e n t r a t i o n of Na2S i n an a t t e m p t t o c a p t u r e more of t h e mercury. Samples of t h e two wash b o t t l e s w e r e t a k e n so t h e chemical c o n s t i t u e n t s could be analyzed. The platinum c r u c i b l e s of feed f r o m each t r i a l w e r e removed from t h e mercury c o l l e c t i o n system i n t h e Thermolyne f u r n a c e and p l a c e d i n a programmable Lindberg f u r n a c e and h e a t e d t o 135OOC. A f t e r 4 hours a t temperature, t h e c r u c i b l e s w e r e removed f r o m t h e oven and t h e glasses were a i r quenched t o room t e m p e r a t u r e .
Glass Analvseg
Once t h e glasses had cooled, t h e y w e r e broken o u t of t h e c r u c i b l e f o r chemical composition, phase assemblage, and d u r a b i l i t y d e t e r m i n a t i o n s . All glasses were blue-green i n appearance w i t h s m a l l amounts of unreacted Si02 a t t h e s u r f a c e . D u r a b i l i t y w a s determined i n a l k a l i n e
i c t i v e of t h e TCLP l i m i t s , Resource Conservation and Recovery A c t (RCRA) Land Disposal L i m i t s , o r t h e U n i v e r s a l Treatment Standards (UTS).
The PCT
The chemical composition of t h e g l a s s e s produced f r o m each t r i a l are contained i n Table 6 . Compositions w e r e f a i r l y c o n s i s t e n t between each t r i a l , with t h e e x c e p t i o n of t h e C s 2 0 and CeO2, s i n c e t h e s e w e r e n o t added t o t h e b a t c h f o r t h e f i r s t t r i a l . G l a s s a n a l y s e s r e s u l t s i n d i c a t e d t h a t most of t h e C s 2 0 and C e 0 2 w a s e n c a p s u l a t e d i n t h e g l a s s , which w a s shown by a comparison of t h e f e e d and glass a n a l y s e s r e s u l t s . For t r i a l #2, more C s 2 0 w a s a c t u a l l y found i n t h e glass, which w a s probably due t o incomplete mixing i n t h e feed sample analyzed. HgO c o n c e n t r a t i o n s i n t h e f e e d f o r each t r i a l w e r e 0.055, 0.077, and 0.015 w t % r e s p e c t i v e l y . For t h e f i n a l glass p r o d u c t s , t h e HgO l e v e l s w e r e a t t h e d e t e c t i o n l i m i t s and w e r e roughly t h e same i r r e l e v a n t o f t h e f e e d c o n c e n t r a t i o n l e v e l s . This w a s e x p e c t e d s i n c e t h e mercury v o l a t i l i z e d from t h e f e e d .
produced and t h e r e s u l t s i n d i c a t e d t h a t t h e c o n d i t i o n s w e r e o x i d i z i n g (average r a t i o w a s 0 . 0 4 9 4 ) .
The Fe2+/Fe3+ r a t i o w a s a l s o measured f o r t h e g l a s s e s
Phase assemblage w a s determined u s i n g XRD and SEM a n a l y s e s . I n a l l cases, t h e g l a s s e s w e r e amorphous when analyzed by XRD. SEM a n a l y s i s of t h e glasses confirmed t h e p r e s e n c e of s m a l l amounts o f u n r e a c t e d Si02. This Si02 would l i k e l y be f u l l y reacted a t elevated t e m p e r a t u r e s o r i n a melter environment due t o t h e mixing t h a t o c c u r s .
The PCT w a s performed on t h e glasses f r o m each t r i a l . Normalized releases w e r e e q u i v a l e n t t o t h e releases f o r t h e low mercury s o i l g l a s s e s , which were b e t t e r t h a n t h e HLW EA PCT l i m i t s 3 .
Glasses from t h e second and t h i r d t r i a l had minimal releases f o r C e and C s , which were t h e r a d i o a c t i v e s u r r o g a t e s . The TCLP w a s performed on t h e s e glasses because of t h e e l e v a t e d l e v e l s of mercury i n t h e feed. A s expected, mercury l e a c h i n g w a s less t h a n t h e d e t e c t i o n l i m i t of 0 . 0 0 8 ppm.
The aqueous p r o d u c t s c o n t a i n e d i n t h e wash b o t t l e s a f t e r t h e t h r e e t r i a l s were analyzed f o r chemical c o n t e n t . Each s o l u t i o n w a s analyzed u s i n g I C P t o determine t h e major c a t i o n c o n c e n t r a t i o n s , A t o m i c Absorption (AA) t o determine t h e C s c o n t e n t , Ion Chromatogrophy ( I C ) t o determine t h e major a n i o n s p r e s e n t , and cold vapor t e c h n i q u e s w e r e used t o determine t h e mercury c o n t e n t . The components of each wash b o t t l e are contained i n Table 7 .
R e s u l t s p r e s e n t e d i n Table 7 i n d i c a t e d t h a t t h e mercury w a s n o t s u f f i c i e n t l y b e i n g c a p t u r e d and converted t o Hg2S as a n t i c i p a t e d . T o t a l mercury c a p t u r e d f o r t h e t r i a l s w e r e 0.03%, 1.97%, and 0.09%. The second t r i a l c a p t u r e d t h e most mercury and it w a s t h e o n l y s o l u t i o n which changed c o l o r s . The s o l u t i o n i n t h e Na2S b o t t l e e x h i b i t e d a bluegreen c o l o r by t h e end of t h e t r i a l . The h i g h e r c o n c e n t r a t i o n of Na2S i n t h e wash b o t t l e i n t h e t h i r d t r i a l d i d n o t seem t o h e l p capture t h e mercury. Even though t h e Na2S wash b o t t l e w a s n o t effective i n c a p t u r i n g t h e mercury, t h e NaOH b o t t l e w a s s u c c e s s f u l i n scrubbing t h e a c i d gases g e n e r a t e d from t h e f i r s t b o t t l e which i s i n d i c a t e d by t h e g e n e r a l d e c r e a s e i n t h e pH and t h e c a p t u r e of s u l f a t e .
I n o r d e r t o more e f f i c i e n t l y c a p t u r e t h e v o l a t i l i z e d mercury, t h e wash b o t t l e s w e r e r e p l a c e d w i t h a mercury condenser. The s a m e g l a s s formulations and m e l t i n g s c h e d u l e s w e r e used from t h e e a r l i e r t e s t s . 
CONCLUSIONS
C r u c i b l e s s t u d i e s with mercury contaminated SRS s o i l have shown t h a t t h e s o i l can be converted t o a d u r a b l e , l e a c h r e s i s t a n t glass w a s t e f o r m . Optimum waste l o a d i n g w a s determined t o be 60 w t % w i t h 24 w t % N a 2 C 0 3 and 16 w t % C a C 0 3 used as t h e glass forming a d d i t i v e s . Attempts t o c a p t u r e and convert t h e v o l a t i l i z e d mercury i n t o stable Hg2S w e r e n o t as s u c c e s s f u l . Only 2% o f t h e t o t a l mercury w a s c a p t u r e d i n t h e offgas system. However, it w a s shown t h a t by u s i n g c o n v e n t i o n a l condensers, mercury could be s u c c e s s f u l l y c a p t u r e d i n t h e o f f g a s system and l a t e r converted t o a leach r e s i s t a n t form.
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